The proU locus in Escherichia coli encodes an osmotically inducible transport system for two substrates, glycine betaine and L-proline, whose intracellular accumulation represents an important component in the physiology of osmoregulation. Several osmoresponsive proU::lac mutants were isolated and tested for complementation with plasmids carrying different functional regions of proU. Three classes of mutations were identified which were physically mapped to distinct regions of DNA from this locus. TnlOQO-insertion mutagenesis of cloned proU DNA also yielded three phenotypic classes of mutations whose physical distribution approximately corresponded with those of the chromosomal mutants above. Three proteins, of Mr 44,000, 35,000, and 33,000, were shown to be products of proU, and the last of these was localized to the periplasmic space. The data indicate that proU is an operon with three genes, designated in order-proV, proW, and proX, encoding respectively the gene products above. All three genes were shown to be necessary for exhibition of the proU-mediated osmoprotective effects of both glycine betaine and L-proline in E. coli.
When exposed to media of sufficiently low water activity, microbial cells suffer an inhibition of growth that is a consequence of intracellular water loss and a reduction in cell turgor. The term osmoregulation refers to the set of physiologic changes that occur which permit the organisms to adapt to and grow under these conditions. In many microorganisms, osmoregulation is associated with the buildup of internal solute content and therefore of intracellular osmolarity, so that cell turgor is restored (31, 34, 42) . In the case of Escherichia coli and Salmonella typhimurium, the solutes which have been shown to accumulate include K+ ions, glutamate, trehalose, L-proline, and glycine betaine, and several distinct transport systems and biosynthetic mechanisms have been characterized that mediate this broad class of responses towards water stress adaptation (8, 9, 14-22, 26, 30, 34, 37, 39, 41) .
One osmoregulatory transport system that has been identified in both E. coli and S. typhimurium is encoded by the genetic locus proU, which maps at 58 min on the chromosome (8, 14, 20, 33) . The ProU transporter is involved in the active uptake of glycine betaine and of L-proline from the medium in cells subjected to water stress and in the consequent ability of these compounds, in submillimolar concentrations, to promote growth in media of otherwise inhibitory osmolarity (8, 14, 20, 24, 37) . The transcription of proU is induced several hundred-fold upon growth in high-osmolarity media, and the activity of the transporter is also increased under these conditions (8, 15, 20, 27, 33) .
Recent studies have identified a 31-or 32-kilodalton (kDa) glycine betaine-binding periplasmic protein as a product of the proU locus both in E. coli and in S. typhimurium (4, 5, 18, 28, 33) . This finding raised the possibility, by analogy with other well-characterized binding protein-dependent transport systems (1) , that ProU is a multicomponent porter with several additional membrane-associated proteins, the genes for all of which are organized in a single operon. In this paper, we describe the isolation and characterization of several proU::lac mutants and their complementation pro-* Corresponding author. (36) , and the low-osmolarity K medium described earlier (20) . LEON medium was prepared by omitting NaCl from the composition described for LB. Antibiotics were used at the following final concentrations (micrograms per milliliter): ampicillin (Amp), 50; kanamycin (Kan), 25; chloramphenicol, 25; and tetracycline (Tet), 15. The indicator dye 5-bromo-4-chloro-3-indolyl-,-D-galactoside was used in plates at a final concentration of 25 ,ug/ml.
Bacterial strains, plasmids, and phage. All strains in this study were derivatives of E. coli K-12 and are listed in Table  1 . The plasmids used were those carrying different regions of the chromosomal proU locus (many of which have been described earlier; Fig. 1 ) or derivatives thereof constructed during the course of this work. The Mu dII301(lac Ap), Mu dII1734, and X placMu55 phages used in the lac fusion studies have been described earlier (11, 12, 33) .
P1 kc transduction and conjugation. The methods for P1 kc transduction and conjugation were as earlier described (20, 36) .
Isolation ofproU::lac mutants. In the context of this study, the ProU-phenotype has been defined as one that manifests, in a putPA proP strain background, as (i) resistance to 0.3 mM 3,4-DL-dehydroproline (DHP) in minimal A medium supplemented with 0.2 M NaCl (DHP-NaClr) and (ii) an inability of 1 mM glycine betaine or 1 mM L-proline to confer osmoprotection in minimal A medium supplemented with 0.65 M NaCl (20, 24) . The ProU+ designation refers to strains exhibiting the converse of the two phenotypes above.
proU::lac strains were obtained after mutagenesis with the appropriate vector phage by initial selection for DHP-NaClr (11) .
The proX224 allele was described as proU224 in an earlier study (24) .
lysogens; lysates of the two lac fusion phages employed for mutagenesis, Mu dII301(lac Ap) encoding Ampr and X plac Mu55 encoding Kanr, were each prepared and used as described (7, 11, 33 (24) . Relevant restriction endonuclease cleavage sites are marked: B, BglII; E, EcoRI; H, HindIll; N, NsiI; R, EcoRV; and S, Sal. The BglII site in proU has been lost in the process of construction of pHYD58 (24) and is therefore represented in parentheses on the line corresponding to this plasmid. A kilobase scale is included; the DNA between the EcoRI and BglII sites in pHYD56 is 3.5 kb long. Some of the proU::Mu dII1734 mutations were also transferred by homologous recombination to plasmids pHYD52 and pHYD53 (24) and to pHYD151 (Fig. 1 ) by a method similar to that described for pHYD58 above.
Transfer of recA mutatlon into strains. All complementation studies were done in recA derivatives of mutant strains. The recA allele was introduced into the strains by cotransduction with srl::TnJO from a suitable donor strain (20) .
Tnl000 mutagenesis of pHYD58. Tn1000 insertions in pHYD58 were obtained by F-mediated mobilization of the plasmid from a JP3301 derivative, as described (24) .
Physical mapping of proU mutations. The mhpping of proU::Mu dII1734 insertions in pHYD58 was done by following the usual procedures for plasmid isolation, restriction enzyme digestion, and agarose gel electrophoresis (32) .
In the case of placMu-generated operon fusions, the site of proU::lac insertion was determined directly on the chromosome. Chromosomal DNA was prepared, subjected to digestion with EcoRV (which cuts once in proU [ Fig. 1 (32) . A 32P-labeled probe specific to the 5' end of the proU locus was prepared from the template of RE23.2, a recombinant M13 clone described in the accompanying paper (23) , by Klenow-directed extension of hybridization probe primer (35) . The probe was then hybridized to DNA immobilized on the membrane (32) , and the size of the proU::lac restriction fragments was calculated fromn bands visualized after autoradiography.
Maxicell analysis. Plasmid-encoded proteins were labeled with [35S]methionine in strain CSR603 derivatives, as described (40) ; the labeled proteins were visualized by fluorography after sodium dodecyl sulfate-polyacrylamide gel electrophoresis (29) .
Analysis of periplasmic proteins. Periplasmic proteins were isolated from cultures by either osmotic shock (38) or treatment with chloroform (2) and then visualized by Coomassie blue staining after gel electrophoresis as above.
0-Galactosidase assays. The activity of 3-galactosidase in cultures was measured, after toluene treatment, by the method of Miller (36) .
RESULTS
Isolation and complementation of proU::lac mutants. Earlier work in this laboratory on the cloned proU locus had indicated that it contains at least two cistrons and that the lone proU224::1ac fusion until then characterized was in the one which was the more clockwise of the two on the E. coli genetic map (24) .
Two approaches were followed in the present study in obtaining additional lac operon and gene fusions in the proU locus. In the first instance, the gene fusion phage Mu dII301(lac Ap) was used to infect GJ134, and selection was made for Ampr DHP-NaClr lysogens. Fourteen of 135 ProU-colonies tested from this double selection exhibited an osmoresponsive Lac' phenotype. Ten of these were shown, by the test of transduction to Tetr with P1(GJ46), to be monolysogens, and the other four were shown to be dilysogens (the second unanapped Mu insertion in each of the latter exhibited a Lac-phenotype).
The second approach was aimed specifically at obtaining lac fusions into the counterclockwise cistron previously designated as proV (24) . The multicopy plasmid, pHYD62 (Fig. 1) , with a TnlOOO insertion in proV, is known to complement the pro U224.::lac mutation (24) . A pHYD62 transformant of a recA derivative of GJ134, therefore, would be expected to give ProU-(that is, DHP-NaClr) Mu lysogens only if the insertion had occurred in proV. The lac fusion phage used in this experiment was K placMu55, which encodes Kanr and yields operon fusions, and selection was made for Kanr DHP-NaClr colonies. Thirty-nine ProU-, osmoresponsive Lac' colonies were obtained in this selection, and the lac fusions in them were then transduced afresh into GJ134.
The lac fusion strains obtained with the two methods above were tested for their ability to be complemented to ProU+ by each of the plasmids pHYD62 and pHYD94. We had at first thought that the two plasmids were functionally equivalent (see Fig. 1 ). tIowever, their complementation profiles were dissimilar, and on this basis three classes of lac fusions were distinguished: class 1, not complemented by either pHYD62 or pHYD94 (and, therefore, presumptive proV::lac fusions); class 2, complemented by pHYD94 but not by pHYD62; and class 3, complemented by either plasmid (similar, therefore, to the proU224::lac fusion originally characterized).
Each of the 14 osmoresponsive Mu dII301-generated pro U::Iac mutants was complemented to ProU+ by pHYD94, which result indicated that all of them belonged either to class 2 or to class 3. Further characterization was done only in eight of the monolysogenic strains, in each of which pHYD62 was introduced after the Ampr marker of Mu dII301 was replaced by Kanr of Mu d111734 by homologous recombination; five tested positive for complementation by pHYD62 (class 3), and three tested negative (class 2).
As expected from the method by which they had been selected, none of the 39 k placMuSS-generated proU::lac operon fusion strains was complemented to ProU+ by pHYD62. Thirty-three of themn, however, tested positive for pHYD94 complementation (class 2), and only six tested negative (class 1).
The results with pHYD62 and pHYD94 for representative strains of each of the three classes of mutants are summarized in Table 2 . Also included in Table 2 are the data on complementation with plasmids pHYD58 and pHYD56 ( Fig.  1 ) in these strains. As expected, pHYD58, which carries the entire proU locus, complemented the ProU-defect in all the strains examined; taken in conjunction with the P1(GJ46) transduction data, this result indicated that all fusions were indeed within the proU locus. There was no complementation by pHYD56 in any of the fusion strains, in particular not even in those that were presumptive proV::lac mutants. These results are discussed and interpreted below in terms of an arrangement of three cistrons within a single proU operon, with the three classes of lac fusions corresponding to the three complenlentation groups in this locus.
The magnitude of osmoresponsive induction of lac expression in the three classes of fusion strains was similar (approximately 100-fold; fusion strains of class 3 was significantly higher than it was in gene fusions of the second class ( Table 2 ). The direction of lac transcription in two representative fusioh strains from each of the three classes was tested in chromosome-mobilization experiments using F' (ts)lac (as described in reference 13); in all cases transcription was detetmined to be clockwise on the standard map representation of the E. coli chromosome (data not shown).
Definition of the ProU-encoding region on cloned chromosomal DNA in pHYb)58. In a Tn1000 mutagenesis experiment described earlier (24) , the clockwise extremity of the proU locus defined by transposon insertion was 0.6 kb away from (in Fig. 1 , to the right of) the SalIl site in the cloned region of chromosomal DNA. In the course of some subcloning experiments, however, we observed that (i) a plasmid, pHYD151 (Pig. 1), carrying the 3.8-kb EcoRV-NsiI fragment from this locus did not complement a proU224::lac or a AproU mutant strain to ProU+; (ii) furthermore, pHYD151 derivatives of these strains were now rendered extremely osmosensitive (EOS), in that they could grow on LBON medium but not on LB; (iii) these pHYD151 derivatives became ProU+ upon further introduction of the plasmid pHYD94 into them; and (iv) the introduction of pHYD151 into strains that were proU+ on the chromosome did not confer an EOS phenotype.
These observations suggested (i) that the region encoding the ProU transporter spans the NsiI site 1.8 kb to the right of the SalI site and (ii) that Tn1000 insertions in this region had not been identified earlier (24) , because the associated EOS phenotype would have precluded growth on LE medium upon which the selection for mutants had been done.
Additional Tn1000 insertions in pHYD58 were therefore obtained by F-mediated mobilization of the plasmid from a JP3301 derivative into GJ313 (a proU224::iac strain) as described previously (24) , with the modification that exconjugants with mutagenized plasmid derivatives were selected for on LBON medium. TnJOOO insertion mutants in the cloned proU locus were identified by their inability to exhibit (i) a reduced inducibility of proU::lac expression on MacConkey-NaCl plates and (ii) enhanced osmoprotection by glycine betaine, both of which are characteristic phenotypic features of multicopy-proU+ strains (24); such mutants represented approximately 20% of the total number of exconjugants tested. These mutants were further divided into three classes: nonosmosensitive (NOS) that could grow well on LB + 0.2 M NaCl; osmosensitive (OS) that grew well on LB, but poorly on LB + 0.2 M NaCI; and EOS, as defined above. The proportional representation of these three classes was, respectively, 1:1:2. Plasmids from the first two classes, NOS and OS, gave a weak ProU+ phenotype in the proU224::lac strain (indicating partial complementation) and a ProU-phenotype in G1316, a AproU strain. All three classes of TnJOOO-generated plasmid mutations failed to show any complementation of the ProU-phenotype in proU::lac fusion strains of the first and second categories (that is, other than that of which proU224::lac is part) described above.
The physical map locations on pHYD58 DNA of 2, 10, and 20 independent Tn1000 insertions, respectively, from the NOS, OS, and EOS classes were determined (Fig. 2) . Each of the three classes of insertions was discretely clustered, and those of the NOS and OS categories were observed to correspond, as expected, respectively to insertions of groups II and I that had been described earlier (24) . The EOS class of insertions spanned the region between 0.65 and 2.1 kb to the right (that is, clockwise) of the SalI site in this locus.
Physical mapping of proU::lac chromosomal fusions. To determine the correlation, if any, between the three complementation groups defined by the chromosomal lac fusions in proU and the three phenotypic classes of TnJOOO insertion mutations in pHYD58, we chose to map the sites of Mu insertion in several of our lac fusion strains. For this purpose, all eight Mu dII1734 insertions that were constructed from the original gene fusions were transferred by homologous recombination to pHYD58, and their positions on the plasmid were mapped with the aid of restriction enzyme digestions; in the case of the A placMu operon fusions, physical mapping was done by Southern blot hybridization of chromosomal DNA from these strains.
The two fusions from the first group were located to the left of the SalI site, the five from the second group were distributed in the region between 0.15 and 0.7 kb to the right Fig. 1 . A kilobase scale is included for the region of proU DNA between the EcoRV and NsiI sites, and the coordinates on this scale have been chosen such that they are in register with the scale shown in Fig. 1 . Short vertical lines represent the map positions of various independent proU::Tnl000 insertions, and their placement above or below the horizontal line indicates the two orientations of insertion, respectively (as described in reference 24); the corresponding pHYD plasmid number designations are given alongside. The categorization of the Tnl000 insertions into the NOS, OS, and EOS phenotypic classes is also shown above the line; only two Tnl000 insertions of the NOS class were chosen for mapping in this study because many others of this class have been mapped to the same region earlier (24) . Long vertical lines (ending with A) represent the map positions of chromosomal proU::lac insertions, whose corresponding allele numbers are given alongside. All lac insertions mapped were oriented in a single direction (such that lac transcription would proceed from left to right in the figure) . The classification of the lac fusions into groups 1, 2, or 3, corresponding respectively to insertions in proV, proW, and proX (as explained in the text), is also shown.
of the SalI site, and the three fusions from the third group were clustered about 1.2 kb to the right of the same site (Fig.  2) . The physical location of the proU224::lac operon fusion described earlier (24) has been reexamined and mapped more precisely (K. Rajkumari, unpublished data) and shown also to be situated 1.3 kb to the right of the SalI site.
Osmoresponsivity of proU::lac on plasmids. Two of the proU::Mu dII1734 alleles that had been studied on pHYD58 (Fig. 2) were also transferred by homologous recombination from the chromosome onto the plasmid pHYD151 ( Fig. 1) and to pHYD52 and pHYD53. The latter two plasmids carry DNA from the proU locus inclusive of all that is present on pHYD58 and extending, respectively, 5.5 and 3.5 kb further upstream (24) . Each of the mutant plasmid derivatives was introduced into MC4100 recA, and the resulting strains were tested for osmotic inducibility of P-galactosidase expression.
We noticed that the strains grew very slowly in media of elevated osmolarity and that there was poor reproducibility in steady-state P-galactosidase activity values under these conditions, presumably because of the effects of overexpression of hybrid proteins from the plasmids and the consequent selection for compensatory mutations on them (6). The ability for lac expression to be induced upon the instantaneous addition of osmolyte was, therefore, tested in these strains (Table 3) , and the observed values were compared with those obtained in derivatives carrying the lac fusions on the chromosome. The results indicate that the magnitude of osmoresponsivity of lac expression on the various plasmids is approximately the same as that on the chromosome for each of the two fusions examined. In particular, the data also suggest that the cis elements responsible for osmotic induction of proU expression are contained downstream of the EcoRV site in pHYD151.
Identification of proteins encoded by the proU locus. The maxicell technique (40) was used in the [35S]methionine labeling and identification of proteins encoded by the cloned proU locus; in addition to the vector, pBR322, and the proU+ plasmid, pHYD58, one plasmid each from the three classes of TnJO00 insertion derivatives were chosen for this analysis (Fig. 3) . Three proteins, of Mr 44,000, 35,000, and 33,000, were identified as products of pHYD58 that were absent in one or more of the Tn1000 insertion derivatives. The 33-kDa protein was absent in all three classes of Tn1000 insertions, the 35-kDa product was absent in the NOS and OS classes and present in the EOS class, and the 44-kDa protein was present in both the OS and EOS classes, but had been replaced by a 39-kDa band in the lane representing the TnJ000 derivative of the NOS class.
Several workers have identified a 31-or 32-kDa periplasmic glycine betaine-binding protein as product encoded by the proU locus in both E. coli and S. typhimurium (4, 5, 28, 33) . We isolated periplasmic proteins by established procedures (2, 38) from the proU+ strain GJ134, grown in LB medium and LB + 0.2 M NaCl, and detected a 33-kDa protein that was induced upon growth at high osmolarity (data not shown). The induced level of this protein was reduced upon glycine betaine supplementation of high-osmolarity medium (Fig. 4) , as would be expected of a product encoded by proU; furthermore, this protein was absent in the periplasmic protein preparations from all the three classes of lac fusion mutant strains grown at high osmolarity (Fig. 4) .
DISCUSSION
The results of the maxicell experiments with the plasmids carrying proU+ and various TnlOOO insertions therein are best explained on the assumptions that there are three genes in this locus, organized clockwise in a single operon, and that TnJOOO insertions in the promoter-proximal genes exert polar effects on the expression of those downstream in the operon. In accordance with the suggestion of Faatz et al. (18) on nomenclature, we propose that the three genes be designated, in order, proV, proW, and proX and that the term proU be retained for use in reference either to the entire operon or to mutations in this locus that have not been definitively mapped to one or the other of its constituent genes. The gene now designated as proV was identified by the same name in our earlier work as well (24) . Three proteins of Mr 44,000, 35,000, and 33,000, detected in the maxicell experiments, are the respective products of proV, proW, and proX. The new 39-kDa band observed with the proV::Tn1000 mutant (Fig. 3) (ii) above is the presence of the concerned genes on multicopy plasmids; another important factor in the EOS class is the total absence of expression of ProX, so that there is no possibility of the down-regulation of proU expression that is normally observed with the accumulation of glycine betaine or L-proline both in haploid proU+ and in multicopy proU+ strains (24, 33) . Consistent with the above suggestions are our additional findings that (i) the OS or EOS phenotype is never observed with any of the plasmids above in strains that are proU+ on the chromosome; (ii) pHYD56 transformants of GJ314 or GJ316 exhibit an OS phenotype (24) ; and (iii) strains carrying the entire proU+ locus on a multicopy plasmid (such as pHYD58) are unable to grow in minimal A medium supplemented with .0.2 M NaCl unless glycine betaine or L-proline is also provided (J. Gowrishankar and K. Rajkumari, unpublished data). One corollary of the model above is that TnJ000 insertions in proW that are downstream of the internal promoter in this gene would have an EOS phenotype. This is probably the case with insertions in plasmids pHYD157 and pHYD177 depicted in Fig. 2 .
Another interesting observation that emerges from both our work and that of Faatz et al. (18) is that chromosomal lac gene fusions (in comparison with the plasmid-borne Tn1000 insertions) in the third gene, proX, are restricted to the promoter-proximal region of the gene. This suggests that fusions further downstream within the gene may not have survived the high-osmolarity conditions used for their selection, perhaps because of toxicity associated with the inability of the corresponding hybrid proteins to be translocated across the inner membrane (6).
Barron et al. (4) have purified the proU-encoded glycine betaine-binding protein, but were unable to demonstrate any binding to L-proline by this protein; they therefore speculated that L-proline transport through proU is accomplished either with the aid of a distinct, as yet unidentified, periplasmic binding protein, or without the need for any periplasmic component at all. Our results indicate, however, that mutations in proX alone abolish the osmoprotectant activity of L-proline and that the activity is restored by complementation with just the three genes of this locus. Indeed, in all our complementation experiments, we have found that the proU-encoded phenotypes of osmoprotection by glycine betaine and by L-proline are inseparably linked. It would appear, therefore, that all three protein components of ProU are necessary and sufficient for active transport of both these solutes.
